Abstract: A copper-nanowire (CuNWs)-based saturable absorber (SA) is utilized as a new Q-switcher for pulsed operations in visible regions. The plasmon resonance effect of CuNWs contributes to inducing the saturable absorption property. By incorporating the CuNWs-based SA into a red praseodymium Pr 3þ -doped ZBLAN fiber laser cavity, the red light shifts from a continuous wave (CW) state to a stable pulsed operation state. When it changes the injected pump power, the pulse repetition rate can be varied from 239.8 to 312.4 kHz. The narrowest pulse duration of this laser is 394 ns. Moreover, the maximum output power under a Q-switching operation is 9.6 mW. The results indicate that a CuNWs-based SA is an available Q-switcher for the red laser, revealing the potential of metal nanomaterials for short-pulse generation in visible regions.
Introduction
Metal nanoparticles have drawn much attention since they possess unique plasmonic, optical, and optoelectronic properties for biochemical sensing and detection, medical diagnostics, therapeutic applications, and so on. Recently, the saturable absorption property of metal nanoparticles has been recognized, and metal nanoparticles have already been applied as saturable absorbers (SAs) for Q-switching or mode-locking operation in different lasers [1] - [10] . For example, the Q-switching or mode-locking lasers at 635 nm, 1 m, 1.1 m, and 1.5 m wavelengths have, respectively, been investigated by using gold nanoparticles-based SAs [1] - [8] .
Silver nanoparticles have been utilized for Q-switching operation in an erbium-doped fiber laser [9] . Fe 3 O 4 nanoparticle-based SA has also been applied as a Q-switcher for pulsed operation in an erbium-doped fiber laser [10] . In addition, copper nanoparticles, as a rising metal nanoparticles, could also be considered as potential SAs. In contrast with other metal nanoparticles, copper nanoparticles are more cost-effective and better thermal-conductive. However, a major inherent defect of copper nanoparticles is their extreme sensitivity to oxygen. Fortunately, there have been several reports presenting various approaches which aim at the oxidation resistance of copper nanoparticles [11] - [14] , such as storing in dilute hydrazine solution and coating by organic polymer. Similar to gold nanoparticles, copper nanoparticles can also possess the advantage of broad saturable absorption band. As the absorption peak of metal nanoparticles locates in the visible region, one would firstly concern the performance of copper nanoparticles in visible lasers. In the past few years, passively SAs of visible regions were primarily centralized on crystals (e.g. Cr 4þ : YAG, Cr 4þ -doped Y 3 Al 5 O 12 ) or semiconductor saturable absorber mirrors (SESAMs) [15] - [19] . However, SESAMs require expensive fabrication, and crystals are unsuitable for fiber lasers because of the bulky structure. Compared with SESAMs and crystals, copper nanoparticles can be more attractive because of the advantages of low cost, low saturation intensity, large saturable absorption modulation depth, ultrafast recovery time, and excellent fiber compatibility. In this paper, we investigated the saturable absorption property of copper nanowires (CuNWs) in visible region. The CuNW was utilized as a visible Q-switcher for short-pulse generation in a compact Pr 3þ -doped ZBLAN fiber laser. The Q-switched red fiber laser has a pulse repetition rate range of ∼70 kHz and short pulse duration of 394 ns.
Preparation and Characterization of CuNWs
The preparation of CuNWs was based on the previous work [20] . Namely, 1.7 g CuCl 2 2H 2 O and 1.93 g glucose were added into a beaker containing 200 mL of H 2 O with magnetic stirring. Then, 20 mL oleylamine, 0.2 mL oleic acid, and 35 mL ethanol were similarly added into another beaker with magnetic stirring. Afterwards, a 1 L plastic container was used to contain these two solutions. The mixture solutions were diluted with water to 1 L and magnetically stirred for 12 hours on a hot plate of 50°C to obtain the crude solution of CuNWs. The CuNWs solution was then cooled in the air for a period of time and centrifuged at 10000 rpm for 10 minutes to obtain the precipitate. After adding an ethanol solution containing 4.0 wt% polyvinyl pyrrolidone into the precipitate, they were twice sonicated and centrifuged to obtain the mixed CuNWs solution. In order to remove the free polyvinyl pyrrolidone, the mixed CuNWs solution was centrifuged twice again with ethanol solution. At last, CuNWs were re-dispersed in ethanol before use.
The as-prepared CuNWs was firstly characterized by absorption spectrum from ultraviolet region to visible region. As can be seen in Fig. 1(a) , there exists a shoulder peak at 578 nm, which is due to the plasmon resonance in CuNWs. The absorption coefficient at the concerned 635 nm is still as large as 61.8%. Then, the powder X-ray diffraction (XRD) was also used to characterize the CuNWs synthesized with standard conditions. From the XRD pattern of CuNWs in Fig. 1(b) , the CuNWs possess three diffraction peaks which locate at 2 ¼ 43: 5 , 50.7°, and 74.48°. The three diffraction peaks correspond to the diffraction from (111), (200), and (220) planes, confirming the face centered cubic (FCC) structure (JCPDS #03-1018) of our CuNWs. Fig. 1 (c) displays scanning electron microscope (SEM) images of the CuNWs. It clearly reveals the uniformity of the CuNWs. To further know the size of the as-prepared CuNWs, the transmission electron microscopy (TEM) was recorded. From Fig. 1(d) , the diameter of the CuNWs is 20-40 nm. A high resolution TEM (HR-TEM) image of the single CuNWs was also given in inset of Fig. 1(d) . The lattice fringe spacing is 0.21 nm, corresponding to the (111) plane of CuNWs. In our experiment, the CuNWs suspension was further dispersed into polyvinyl alcohol (PVA) polymer and made into polymer-composite structure. It will be useful for fiber compatibility and oxidation resistance of the CuNWs-based SA [13] .
The optical response of metal nanoparticles was also briefly introduced as follows. When the metal nanoparticles interact with light, free electrons inside the metal nanoparticle are collectively excited. The excited conduction electrons are confined inside the particles by the surface of the metal nanoparticles and resonate at the light frequency under the effective restoring force of the particles (i.e. plasmon resonance). The plasmon resonance intensity is related to the frequency of light. If the light frequency locates at the dipole surface plasmon frequency, the plasmon resonance intensity is strong, and if the frequency is far from the dipole surface plasmon frequency, the intensity will be weaker. The dipole surface plasmon frequency is determined by the nanoparticle materials, the shape and size of the metal nanoparticles, and even the surrounding host. For gold, silver, and copper nanoparticles, the dipole surface plasmon frequency locates in the visible regions which make them excellent absorbers and scatters of visible light [21] , [22] . Besides, it has been well-established that their plasmon resonance could support a wide waveband which ranges from the UV region to the NIR region [23] - [25] . The absorption of metal nanoparticles will become saturated with continually increasing the light intensity. There exist two interpretations for the saturation effect. One interpretation is the intensity-depending shift of the plasmon resonance which strong saturation behavior was observed through numerical simulation [26] and the other is the ground state plasmon bleaching which relates with the intrinsic electron dynamics in the metal nanoparticles [27] . Therefore, metal nanoparticles can be considered as SAs for pulsed operation in lasers. One would always concern their nonlinear optical parameters prior to usage. For copper nanoparticles, a significantly high modulation depth of ∼50% in the visible region has been measured by Z-scan method [28] and a ps-level recovery time has been confirmed by pump probe method [29] . ing Pr 3þ -doped fiber-end facet with 4% Fresnel reflection and a fiber pigtail mirror (FPM) by coating high-quality dielectric films, were used to reflect the laser. We, respectively, show the appearance and reflection spectrum of the FPM in Fig. 2(a) and (b) . One can find that the red-light fiber reflector is rather efficient which reflects ∼99.3% 635 nm red light. With such a fiber-compatible reflector, the laser resonant cavity becomes rather simple and compact. The cavity length is about 1.97 m. To incorporate the SA into the laser cavity, the as-prepared CuNWs-PVA film was placed on the other end of the Pr fiber, as shown in Fig. 2(c) . Then, they were further connected with the FPM. A red mirror (RM, transmit ∼84% 444 nm light and reflect ∼99% 635 nm light) was placed before the MOL with an angle of 45°to output the laser. The outputs were monitored and measured by an optical spectrum analyzer, a power meter, and an oscilloscope or a radio-frequency (RF) spectrum analyzer (Gwinstek GSP-930), together with a photodetector, respectively.
Experimental Setup

Experimental Results and Discussions
When the injected pump power reached 143.9 mW, the red light appeared with continuous wave (CW) state. As the injected pump power increased to 167.3 mW, stable pulse strings came out. By gradually changing the injected pump power from 167.3 to 189.0 mW, repetition rates of the stable pulse strings can be continuously tuned, exhibiting the typical output feature of Q-switching lasers. Fig. 3 summarizes the typical output parameters of the Q-switched Pr 3þ -doped ZBLAN fiber laser at an injected pump power of 182.5 mW. The output optical spectrum of the CuNWs-based Q-switched Pr 3þ -doped fiber laser was presented in Fig. 3 (a), which shows dual peak wavelengths at about 635.3 nm and 635.5 nm. Fig. 3(b) and (c), respectively, give a string of the output pulse and a single pulse profile of the red Q-switching fiber laser. The repetition rate of the pulse strings is about 301.2 kHz which calculated by the time interval of ∼3.32 s. The single pulse has a symmetrical Gaussian-like shape and pulse duration of 435 ns. The narrow pulse width may benefit from the short cavity length. Fig. 3(d) gives a RF spectrum of this pulse strings. The fundamental frequency peak locates at 301.5 kHz, which coincides well with the pulse repetition rate value. The signal-to-noise ratio (SNR) of the Q-switching pulse is about 40 dB. These results indicate the pulse strings are relatively stable. To further know the long term stability of this fiber laser, the output optical spectrum was recorded every 5 minutes. From Fig. 4 , the dual peak wavelengths almost remain unchanged over the time period. The stable dual wavelength lasing might benefit from the third order nonlinear optical property of the CuNWs which can generate efficient four wave mixing.
The pulse repetition rate and the pulse duration were respectively recorded to know their variation tendencies with the injected pump power. From Fig. 5(a) , the pulse repetition rate exhibits a gradual increasing trend from 239.8 to 312.4 kHz while the pulse duration decreases from 687 to 394 ns with the injected pump power increasing from 167.3 to 189.0 mW. If the cavity length is shortened or the property of the CuNWs SA is optimized, the pulse duration would be narrowed further. Fig. 5(b) gives the relationship between the output power/correspondingly calculated single pulse energy and the injected pump power. They both gradually increase with the injected pump power. At an injected pump power of 189.0 mW, the average output power of 9.6 mW and single pulse energy of 30.7 nJ was obtained, which are the largest outputs of stable Q-switched operation in this laser. These output power and pulse energy may be further optimized by improving the quality of the CuNWs SA or optimizing the cavity designs.
To further verify the effects of the CuNWs on Q-switching operation, we moved the CuNWs out from the laser cavity. No matter how much pump power was injected, only CW laser operation without regular pulse strings was observed, which confirms that the above 635 nm Qswitching operation was induced by the CuNWs. One would also interest in whether the CuNWs can mode-lock the red fiber laser or not. Unfortunately, there shows no sign of mode-locking during our experimental process. The mode-locking operation may be mainly limited by the normal dispersion and the large laser output (i.e. large loss) of the laser cavity. To reduce the loss, we can increase the reflectivity of output mirror by using partially reflecting FPM instead of 4% Fresnel reflection. For the normal dispersion, we could either try to introduce a band pass filter to realize dissipative soliton mode-locking operation or manage the dispersion [30] , [31] .
Conclusion
In conclusion, we have successfully confirmed that CuNWs can be applied for visible pulse generation. By inserting the CuNWs SA into a Pr 3þ -doped ZBLAN fiber laser, stable passively Q-switching operation at ∼635 nm was achieved with the tunable repetition rate range from 239.8 to 312.4 kHz and the pulse duration of 394 ns. These results exhibit the good saturable absorption ability of CuNWs in red laser.
